To detect microbial infection, the immune system utilizes pattern recognition receptors such as Toll-like receptors (TLRs) to recognize invariant molecular structures of related microbes (8, 16) . TLR activation results in rapid induction of innate defense programs and ultimately the initiation of adaptive immunity (2) . Dendritic cells (DCs) are critically involved in this process. Upon stimulation by microbial TLR ligands, DCs undergo a maturation process characterized by upregulation of major histocompatibility complex and costimulatory molecules and by homing to the secondary lymphoid organ. When matured, DCs are potent antigen-presenting cells able to prime naive T cells and direct T-cell differentiation (4) . Therefore, TLRs expressed by DCs constitute a critical link between pathogen recognition and the induction of T-cell immunity (3, 17) .
The efficient control of microbial infections not only requires immune activation upon pathogen invasion but also demands the generation of appropriate types of immune responses tailored to a particular group of pathogens. For example, certain infections require Th1 responses, whereas others may be best countered by Th2 immunity (1, 27) . Accumulating evidence indicates that DCs can shape the Th1-Th2 balance according to the outcome of their microbial interactions (18, 25) . DCs achieve this at least in part through differential production of interleukin-10 (IL-10) and IL-12 (14) , since IL-10 is implicated in priming Th2 responses (10, 30) while IL-12 potently induces gamma interferon (IFN-␥)-producing Th1 cells (32) . However, it is not clear how the stimulation of various TLRs by microbes is connected to this process. Specifically, do microbial TLR activators differentially stimulate IL-10 and IL-12 production from DCs? Interestingly, a recent study shows that Escherichia coli lipopolysaccharide (LPS) and Porphyromonas gingivalis LPS, being TLR4 and TLR2 agonists, respectively, induce distinct profiles of inflammatory genes in murine macrophages (7) . Furthermore, the two types of LPS differentially stimulate DC IL-12 production and have diverse impacts on Th differentiation in vivo (22) . Thus, triggering different TLRs by various microbial stimuli might drive DCs to assume distinct phenotypes and functions. To further investigate this issue, we examined DC interactions with three microbial TLR stimuli: a TLR4 agonist, gram-negative bacterial LPS (9, 21) , and two TLR2 agonists-gram-positive bacterial peptidoglycan (PGN) and yeast zymosan (31, 33) . Specifically, we examined IL-10 and IL-12 production by DCs in response to these stimuli and tested their abilities to polarize T-cell responses.
MATERIALS AND METHODS

Mice. Female BALB/c (H-2
d ) mice and C57BL/6 (H-2 b ) mice (6 weeks old) were purchased from Jackson Laboratory (Bar Harbor, Maine) and maintained under specific-pathogen-free conditions. All experimental protocols were approved by the Animal Care and Use Committee of the University of Texas Medical Branch (Galveston).
Reagents and antibodies. LPS (Salmonella enterica serovar Typhimurium) and PGN (Staphylococcus aureus), monensin, phorbol myristate acetate, ionomycin, and saponin were purchased from Sigma (St. Louis, Mo.). Zymosan A from Saccharomyces cerevisiae was purchased from Molecular Probes (Eugene, Oreg.). For intracellular staining of T-cell cytokines, phycoerythrin-conjugated anti-IL-4 (BVD4-1D11), anti-IL-10 (JES5-16E3), anti-IFN-␥ (XMG1.2), and their respective isotype-matched control antibodies were purchased from BD Pharmingen (San Diego, Calif.). Tri-Color-conjugated anti-CD4 (TC-CD4) was from Caltag (Burlingame, Calif.). DC culture. Bone marrow-derived DCs (BM-DCs) were generated as previously described (15, 23) with certain modifications. Briefly, BM cells were cultured in a petri dish (Fisher Scientific, Houston, Tex.) at 2 ϫ 10 6 per 10 ml of 10% fetal bovine serum-supplemented Iscove's modified Dulbecco medium. Culture supernatants of J558L cells that had been transfected with the murine gm-csf gene were used as the source of granulocyte-macrophage colony-stimulating factor (the transfected cell line was a kind gift from Charles Janeway, Yale University). Nonadherent cells were harvested at day 7 and further cultured in a six-well plate overnight. Resultant nonadherent cells were typically Ͼ80% CD11c ϩ cells as judged by fluorescence-activated cell sorting (FACS) analysis. Sometimes, CD11c ϩ cells were directly purified from a day 7 culture to Ͼ95% purity with microbeads according to the manufacturer's protocol (Miltenyi Biotec, Auburn, Calif.).
Microbial stimulation and anti-CD40 treatment of DCs. DCs were stimulated with different concentrations of LPS, PGN, or zymosan in 96-well plates at 1.25 ϫ 10 5 in 200 l or in 24-well plates at 6.25 ϫ 10 5 in 0.5 ml. The stimulation culture was not supplemented with any cytokines including granulocyte-macrophage colony-stimulating factor. For some experiments, an agonistic anti-CD40 antibody (FGK45 [26] ) was added, together with microbial stimuli, and supernatants were harvested 24 h later. For other experiments, DCs were stimulated with microbial stimuli for 12 h, washed twice, and then cultured in the presence of anti-CD40 antibody for additional 24 h before the supernatants were harvested. The anti-CD40 antibody was used in the form of FGK45 hybridoma supernatants at a 1:10 dilution, an optimal titration as determined previously (23) . For the T-cell priming assay, DCs were harvested at 12 h, washed twice with complete medium, and then cocultured with T cells. Aliquots of these DCs were used to isolate total RNA with Tri-Reagent (Sigma) for measuring mRNA levels of IL-10 and IL-12p40 (see below).
Isolation of CD4 ؉ CD45RB high T cells and T-DC coculture. For each isolation, three to five female C57BL/6 mice were used to minimize individual variation. Total CD4 ϩ T cells were purified from pooled spleens and lymph nodes with Dynabeads mouse CD4 and DETACHaBEAD (Dynal, Inc., Lake Success, N.Y.) to Ͼ99% purity as assayed by FACS. The CD45RB high fraction was then purified from the total CD4 ϩ T-cell preparation as previously described with certain modifications (5) . Briefly, cells were consecutively labeled with biotin-CD45RB monoclonal antibody (BD Pharmingen) and streptavidin-conjugated microbeads and then passed through a positive-selection column on a magnetic separator (Miltenyi Biotec). The unbound CD45RB low fraction was discarded. The bound fraction was eluted and reapplied to a new column and the column-retained fraction was harvested as a CD45RB high fraction. CD4 ϩ CD45RB high T cells (2 ϫ 10 5 /well), together with 2 ϫ 10 4 DCs that were stimulated for 12 h, were seeded into 96-well plates in 200 l of Iscove's modified Dulbecco's medium supplemented with 1 ng/ml of recombinant IL-2 (BD Pharmingen). The T-DC coculture was maintained in 96-well plates for 4 days, transferred to 24-well plates with supplementation of 0.5 ml of plain medium, and further cultured for an additional 6 days. Primed T cells were then assayed for the cytokine profile by intracellular staining after restimulation with 20 ng of phorbol myristate acetate/ ml, 500 ng of ionomycin/ml, and 2 M monensin for 5 h.
Cytokine assays. To measure the levels of IL-10, IL-12p70, and TNF-␣ in DC cultures, enzyme-linked immunosorbent assay was performed with OptEIA Kits (BD Pharmingen). The multiprobe template set mCK2b from RiboQuant RPA system (BD Pharmingen) was used to measure mRNA levels of IL-10 and IL-12p40 in an RNase protection assay according to the manufacturer's instruction. To enumerate IL-4, IL-10, and IFN-␥ producers in T cells primed by DCs, cells were first stained for CD4 and then fixed, permeablized, and stained with fluorochrome-conjugated monoclonal antibodies specific for cytokines. Stained cells were analyzed on a FACScan flowcytometer (BD Biosciences, Franklin Lakes, N.J.). Data were analyzed with the FlowJo software (TreeStar, San Carlos, Calif.).
RESULTS AND DISCUSSION
To examine potential differences of LPS, PGN, and zymosan in their stimulatory effects on DCs, efforts were first focused on DC production of IL-10 and IL-12. DCs were stimulated for 24 h, and cytokine concentrations in supernatants were measured. As shown in Fig. 1 , when tested over a 10,000-fold dose range, LPS induced low-level IL-10 but high-level IL-12p70 production. In contrast, DCs exposed to PGN produced low levels of IL-12 but high levels of IL-10. Another profile was observed in zymosan-exposed DCs: high levels of both IL-10 and IL-12. This observation suggests that LPS, PGN, and zymosan have inherently distinct abilities to induce DC IL-10 and IL-12 production. Alternatively, this phenomenon might simply reflect different sensitivities of DCs to these microbial stimuli, since the molar concentrations of actual TLR-engaging ligands in these stimuli are not known. However, even at the highest concentration tested, LPS did not induce IL-10 to a level comparable to that induced by PGN or zymosan, whereas PGN failed to induce IL-12 to a level comparable to LPS or zymosan. This in fact argues for the first possibility. To further differentiate the two, we tested tumor necrosis factor alpha (TNF-␣) induction in DCs exposed to LPS, PGN, and zymosan. Because all microbial TLR activators trigger the NF-B activation leading to TNF-␣ production (16) , different levels of TNF-␣ induction would reflect different DC sensitivities to these stimuli. As shown in the lower panel of Fig. 1 , although LPS was the most efficient TNF-␣ inducer at lower concentrations, PGN and zymosan were able to stimulate similar levels of TNF-␣ at higher concentrations. Thus, at concentrations at which comparable levels of TNF-␣ were stimulated, LPS, PGN, and zymosan induced distinct profiles of IL-10 and IL-12. This was further confirmed with sorted DCs (Ͼ95% CD11c ϩ ) to exclude potential effects of contaminating nonDCs in the BM-DC preparation (data not shown). Finally, RNase protection assay was used to test levels of IL-10 and IL-12p40 mRNA in DCs stimulated with 1 g of LPS, 10 g of PGN, or 5 g of zymosan/ml. At these respective concentrations, LPS, PGN, and zymosan induced similar levels of TNF-␣ (ϳ1,500 pg/ml, Fig. 1 ). As shown in Fig. 2 , zymosan-exposed DCs expressed the highest level of IL-10 mRNA, followed by PGN-exposed DCs. The IL-10 level was not detectable in LPSexposed DCs by this assay. For IL-12p40, zymosan-exposed DCs remained to be the highest producer, followed by LPSand PGN-exposed DCs. Of note, all of the experiments described above were also done with C57BL/6 DCs with similar results obtained (data not shown). Thus, the three microbial TLR activators are inherently different in their abilities to induce IL-10 and IL-12 production from murine DCs.
Upon interactions with T cells, microbe-exposed DCs may be further triggered to produce cytokines that are dependent on T-cell-derived signals. Conceivably, such cytokine production would significantly contribute to the cytokine milieu controlling the outcome of T-cell differentiation (19) . Previous studies have shown that IL-12 production by DCs can be augmented upon ligation of their CD40 receptors by T-cell-derived CD40 ligands, which can be mimicked by using agonistic anti-CD40 antibodies (6, 12, 28) . Therefore, given the result that LPS, PGN, and zymosan trigger distinct programs of innate cytokine production ( Fig. 1 and 2 ), we further tested the impact of CD40 ligation on IL-10 and IL-12 production by DCs exposed to these stimuli. An agonistic anti-CD40 antibody (clone FGK45 [26] ) was used to engage CD40 receptors on DCs. DCs that were stimulated with LPS, PGN, or zymosan were treated with the anti-CD40 antibody either immediately ( Fig. 3A and B) or after being washed after a 12-h microbial stimulation ( Fig. 3C and D) . The 12-h time point was chosen because the initial wave of microbe-induced cytokine production was largely completed by this time (unpublished data), a finding similar to what was previously reported for human monocyte-derived DCs (13) . As shown in Fig. 3A , LPS-or zymosan-induced IL-12p70 production was significantly reduced when DCs were simultaneously activated with anti-CD40. In sharp contrast, whereas PGN by itself did not induce a high level of IL-12p70, simultaneous triggering of CD40 led to an approximately 20-fold increase in IL-12p70 production. When DCs were stimulated with these stimuli for 12 h, washed, and then cultured for additional 24 h in the presence of anti-CD40 antibody, only PGN-stimulated DCs produced a significant level of IL-12p70 (Fig. 3C) . Clearly, PGN is distinguished from LPS and zymosan with its ability of conditioning DCs to produce a high level of IL-12p70 in response to CD40 engagement. Of note, applied either immediately or 12 h after microbial stimulation, the anti-CD40 antibody treatment augmented IL-10 production by murine BM-DCs regardless of microbial stimuli used (Fig. 3B and D) . Further, in the absence of microbial costimulation, these DCs produced IL-10 but not IL12p70 in response to CD40 engagement (Fig. 3) . This result is in contrast to what was described for human monocyte-derived DCs (6) but is in agreement with observations made with isolated murine myeloid DCs (11) . Taken together, these results suggest that microbial TLR activators such as LPS, PGN, and zymosan differentially modulate the potential of DCs to produce IL-12 in response to a T-cell-derived signal.
To test whether LPS-, PGN-, and zymosan-conditioned DCs would prime for distinct Th phenotypes in vitro, we used a mixed-leukocyte reaction, in which BALB/c DCs (H-2 d ) were used to activate C57BL/6 CD4 ϩ T cells (H-2 b ). To minimize the influence of antigen-experienced memory cells, purified naive T cells (as defined by CD45RB high [see reference 5]) were used. In the absence of microbial stimulation, DCs primed T cells to exhibit a mixed cytokine profile as assayed by intracellular staining 10 days after the onset of coculture. As shown in Fig. 4A , ca. 23% the cells produced IFN-␥, whereas IL-4 and IL-10 producers were 17 and 7%, respectively. A negligible fraction of cells simultaneously produced IFN-␥ and IL-4 or IFN-␥ and IL-10. As shown in Fig. 4B , LPS exposure rendered DCs to prime much less IL-4 but more IFN-␥ producers. PGN stimulation significantly diminished DC potentials to prime T cells producing IL-4 and IL-10 but evidently enhanced their ability to prime IFN-␥ producers. Interestingly, while inducing more IFN-␥-producing T cells, zymosan-exposed DCs primed as many IL-4 producers and even more IL-10 producers compared to the untreated counterparts. When tested at stimulating concentrations that were 10-fold higher or 10-fold lower than those presented in Fig. 4 , the three stimuli still exhibited similar differences in their relative potencies to polarize T-cell responses (data not shown). Importantly, PGN was the strongest Th1-favoring stimulus, a finding consistent with the finding that it potently potentiated DCs to produce high levels of CD40-dependent IL-12p70 (Fig. 3) . Together, these results reveal that LPS, PGN, and zymosan differentially condition DCs to prime Th effector phenotypes, suggesting that distinct microbial TLR agonists can be a cue that DCs sense in order to differentially direct Th effector development.
Results presented in this study have provided new information to our understanding of DC activation by microbial TLR ligands. Previously, using LPS as TLR4 and PGN as TLR2 ligand, Re and Strominger showed that human monocytederived DCs preferentially expressed IL-12 or IL-10 when stimulated through TLR4 or TLR2, respectively (24) . Our study reported herein has confirmed their finding with murine DCs. Importantly, we tested the stimulants over a wide 10,000-fold dose range and with TNF-␣ as an internal control, and we still found LPS was a much stronger IL-12 inducer but weaker IL-10 stimulator than PGN (Fig. 1) . This result strongly suggests that signaling programs induced by TLR4 and TLR2 are qualitatively rather than quantitatively different in DCs. This point is further supported by the interesting finding that simultaneous anti-CD40 treatment suppressed IL-12 production by DCs stimulated with LPS but enhanced IL-12 production by PGN-stimulated DCs (Fig. 3A) . Interestingly, a recent study showed that as a immune-evading strategy, Yersinia pestis induced IL-10 through a TLR2-dependent pathway (29) . This is very much in agreement with our observation that two TLR2 ligands, PGN and zymosan, directly induced high levels of IL-10 production from DCs ( Fig. 1 and 2) . The difference between TLR2 nd TLR4 signaling is probably not limited to DCs, as Hirschfeld et al. studied macrophage responses and found that TLR4 agonists were more potent in inducing proinflammatory cytokines and chemokines than TLR2 ligands (7) . Collectively, these studies suggest that DCs may be induced to assume distinctive functions through activation of TLR4 or TLR2 and that TLR4 activation factors a stronger proinflammatory state than TLR2 activation. On the other hand, as TLR2 receptor has a large number of known ligands (16) , all TLR2 ligands are not necessarily equal. For example, PGN and Zymosan, both being able to engage TLR2 and possibly TLR6 (20) , dramatically differed in the ability to induce DC production of IL-12 ( Fig. 1) . We speculate that additional TLRs or other receptors are involved in DC activation by zymosan.
While activation through different TLRs leads to distinct cytokine production in DCs ( Fig. 1 and 2 ) (24), it was not clear whether and how this would be linked to differential T-cell priming. Upon activation by microbe-exposed DCs, antigenspecific T cells rapidly upregulate CD40 ligands, which engage CD40 receptors on DCs to further modulate their cytokine production (34) . Consistent with this notion, we found that the ability to produce IL-12 by LPS-, PGN-, and zymosan-stimulated DCs was significantly modulated by CD40 engagement (Fig. 3) . Interestingly, LPS, PGN, and zymosan not only induced distinct cytokines in DCs directly but also differentially conditioned CD40-dependent IL-12 production by DCs. More importantly, the direct IL-12 induction by these TLR activators is not necessarily correlated with the conditioned CD40-dependent IL-12 production by DCs. For example, while failing to directly induce a high level of IL-12 ( Fig. 1 and 2) , PGN strongly potentiated DCs to produce this cytokine following CD40 ligation (Fig. 3C) . While LPS and zymosan directly induced IL-12 from DCs ( Fig. 1 and 2 ), they did not significantly potentiate CD40-dependent IL-12 production. Conceivably, the CD40-dependent cytokine production by microbe-exposed DCs would exert a greater impact on the outcome of T-cell differentiation than the innate cytokine response that microbes directly induce in DCs. Indeed, when tested for the ability to skew Th responses, PGN-stimulated DCs, which responded to CD40 engagement by producing a high level of IL-12 while LPS-and zymosan-stimulated DCs did not, were most potent in priming Th1 effectors (Fig. 4) . Perhaps, the potential to orchestrate disparate innate and subsequent CD40-induced cytokine production provides DCs with certain flexibilities to sequentialy and differentially regulate the innate defense program and the adaptive T-cell response. On the other hand, for both of the innate and adaptive phases, differential signals channeled through various TLRs are likely to be the crucial cue. 
